C a lc u la tio n o f T h e o r e tic a l A lp h a C o e ffic ie n ts f o r X R F A n a ly s is o f M a jo r a n d M in o r E le m e n ts in I r o n -r ic h G e o lo g ic a l S a m p le s Younan Hua and C. T. Yap Department of Physics, National University of Singapore, Singapore 0511 Z. Naturforsch. 50a, 817-825 (1995); received December 14, 1994 This paper introduces a method of calculating theorectical alpha coefficients for the X-ray fluorescence analysis of major and minor components in iron-rich samples. We choose a group of hypothetical standard samples whose average concentrations are those of the actual samples. The theoretical X-ray fluorescence relative intensities of the given components are calculated using the fundamental parameter NRLXRF program. We derived formulas from the Lachance-Traill equa tion and used these to calculate the basic, hybrid and modified alpha coefficients which are used respectively for the analysis of elements in compact specimens, oxides in compact specimens and oxides in diluted specimens. In order to use the theoretical alpha coefficients on-line, we also discuss the calculation of the alpha coefficients used in the D.J model.
Introduction
Recent systematic geochemical studies [1] [2] [3] [4] [5] of banded-iron formations and other iron-rich geologi cal samples are of interest because such samples are associated with gold, silver and base-metal mineral ization. This paper is a theoretical study of a versatile and accurate method for determining the major and minor elements in iron-rich and other geological sam ples using X-ray fluorescence analysis. The fusion method has been used for sample preparation. The 12-22 flux (12 LiB40 7 + 22 LiBOa) recommended by Norrish and Thompson [6] has been used. Our exper imental results showed that, although the matrix ef fects in the glass samples decreased largely, such interelement effects were still serious, especially for the major component Fe20 3, resulting in errors [7] as high as 7% (absolute). Therefore, matrix effects must be accurately corrected.
For this reason, we propose a method of calculating the theoretical alpha coefficients which combines the best features of the fundamental parameters and the influence coefficients, known as the Combined Ap proach. After correcting the matrix effects using the theoretical alpha coefficients, more accurate data for the major and minor elements were obtained, and this would reduce the errors in our case to less than 0.7% (absolute) for the major component Fe20 3 [7] .
Reprint requests to Prof. C. T. Yap.
The Mathematical Correction Models for Matrix Effects
In XRF quantitative analysis technique, it is wellknown that there are many quantitative techniques available, starting from the sophisticated full-fundamental parameter method to different semi-empirical methods. In order to obtain accurate elemental con centrations from the corresponding X-ray intensities, scientists have proposed many mathematical methods and compensation methods. In this paper, we use the Combined Approach which has the best features of the fundamental parameters and the influence coeffi cients.
In XRF analysis, the three well-known influence coefficients correction algorithms for matrix effects are: Lachance-Traill (L-T) [8] , Claisse-Quintin (C-Q) [9] and Rasberry-Heinrich (R-H) [10] models. Recently we have the Fundamental Algorithm proposed by Rousseau [11] [12] . The above four algorithms for the correction of matrix effects are all concentration cor rection models in which mostly the L-T equation is used, especially in the analysis of fusion samples. The L-T equation reads c -Ä^i + i^. c^,
where C, is the concentration of the analyte i, Cj the concentration of the matrix component j, Rt the rela tive intensity of analyte i, and 'ocfj the alpha coefficient (inter-element influence coefficient) of matrix compo 0932-0784 / 95 / 080 0-073 7 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72027 Tübingen nent j on analyte i; the left-superscript i means that analyte i is the chosen as the eliminated component; the right-superscript x refers to the type of alpha co efficient, which can be B (basic), H (hybrid) or M (modified). In this work, our experiment was carried out on a Philips PW1400 Automatic X-ray Fluorescence Spec trometer with data processing by the Philips XR14 (AN/UP) package [13] . Therefore the D.J model, a model similar to the L-T model, was employed, whose equation reads
j*e where C, is the concentration of the analyte i, Cj the concentration of the matrix component j, Ei the in verse slope of the curve with R, as y-axis and Ci as x-axis, D, the intercept on the x-axis in concentration units, Ri the relative intensity of analyte i, and eocfj the alpha coefficient (inter-element influence coefficient) of matrix component j on analyte i; the left-superscript e is the eliminated component which can be any compo nent in the specimen, the right-superscript x refers to the type of alpha coefficient which can be B (basic), H (hybrid) or M (modified).
Comparing (1) and (2), we observe that their differ ence is only in the eliminated component. In the L-T model, the analyte i itself is chosen as the eliminated component, whereas in the D.J model the analyte e is chosen as the eliminated component, which can be any component in the specimen. Since theoretical alpha coefficients whose eliminated component is dif ferent can be transformed from one into the other [7, 22] , it follows that the D.J model is similar to the L-T model. Hence, in this paper, we first calculate the alpha coefficients in the L-T model whose eliminated component is the analyte i itself; then we calculate the alpha coefficients in the D.J model whose eliminated component is arbitrary.
Calculation of the Theoretical Alpha Coefficients in the L-T Model
For the calculation of theoretical alpha coefficients we took a set of hypothetical multi-element standard samples which are assumed to be similar to the un known samples. Their theoretical X-ray fluorescence relative intensities were then calculated using the NRLXRF program. Thereafter, the theoretical alpha coefficients (basic, hybrid and modified) were calcu lated using the formulas derived from the LachanceTraill equation for the analysis of the major and minor elements in iron-rich samples and other geological samples.
(1) Hypothetical Multi-Element Standard Samples
We assume that the samples analysed consist of n components with average concentrations C, where £ Cj = 1.
(3) j= i Suppose the concentration of one component changes by AC from Cj into C, + AC with all other compo nents unchanged except CK changing into CK -AC in order to satisfy (3) . n is actually unknown. In this study, we have put n = 14 since we are interested in the following 14 elements: Na, Mg, Al, Si, P, S, K, Ca, Ti, V, Cr, Mn, Fe, and Ba. We have also taken AC = 0.01 (1%). Using the average concentrations of iron-rich and other geological samples we have encountered, we set up the 14 hypothetical standard samples given in Table 1. (2) Calculating the Theoretical X-ray Fluorescence Relative Intensities
The calculation of the theoretical X-ray fluores cence relative intensities was performed by the NRLXRF program [14] [15] [16] , The theoretical X-ray relative intensity can be calculated for any known composition and operating conditions. If we input the assumed compositions of the hypothetical standard samples given in Table 1 , then the theoretical relative X-ray fluorescence intensities can be calculated using the fundamental parameter formulas modified by Criss and Birks [17] . Table 2 gives the theoretical X-ray fluorescence relative intensities for the assumed compositions given in Table 1 , and also the operating conditions.
It is well-known that the loss-on-ignition (LOI) is also one analyte component when the fusion tech nique is employed for sample preparation. In order to calculate the alpha coefficients of LOI (see below), the theoretical X-ray fluorescence relative intensities of the elements Li, B, and O have to be calculated first. The theoretical X-ray fluorescence relative intensities of B and O were calculated using a modified 
Note: The values of the elements B and O were calculated by using the binary-sytem method, and those of the elements Na-Ba were calculated by using the multi-system method and the concentrations given in Table 1 . 00 NRLXRF program, which was extended to handle longer X-ray wavelengths. These intensities are also given in Table 2 . However, the intensity of Li could not be calculated by this modified program. There fore, the alpha coefficients of Li were evaluated in stead, using those of oxygen (see below).
(3) Calculation of the Inter-Element Influence Coefficients
In general, the measured characteristic intensity for polychromatic excitation is a function of the mass concentration of all the elements present; symboli cally, Ri = f(C 1,C 2,...,C").
If Atj is the influence coefficient of matrix element j on analyte i, perhaps the most common functional rela tionship [17] [18] is
Using this equation in conjunction with the theoreti cal relative X-ray fluorescence intensities of Table 2 and the concentration values of Table 1 , we can ob tain the n2 A^ values for the elements Na-Ba. These Afj values are given in Table 3 , where we observe that Au ranges from 1.051 to 1.482, which is quite different from monochromatic excitation with Au= 1. 
Substituting (6) into (5), we obtain the L-T equation for the analysis of elements:
. j*i where R[ = An and
Therefore, for polychromatic excitation, the basic al pha coefficients should be calculated using (8) . cs i-^ < u ea Au^l , and this is different from the algorithms of other workers [19] . It should be observed that for 'a® the eliminated component i in the left superscript is the analyte i itself, and the B in the right superscript denotes basic alpha coefficients which can be used for correcting matrix effects in the system. Table 4 gives the basic alpha coefficients in which the coefficients for the elements N a-Ba were calcu lated using the values of Atj in Table 3 and (8), while the coefficients of O and B were calculated using the theoretical X-ray fluorescence relative intensities of Table 2 together with the binary system formula of the L-T equation
For the element Li, its basic alpha coefficients can not be calculated by using (9) since its theoretical rel ative X-ray fluorescence intensity cannot be obtained by using the NRLXRF program. We therefore evalu ated the basic alpha coefficients of the element Li using the following formula [20] 
The basic alpha coefficients of the elements Li, B, and O are given in Table 4 .
(5) Calculation of the Hybrid Alpha Coefficients
When two or more basic alphas are combined as one coefficient, we refer to this as hybrid alpha coeffi cient. In the analysis of oxides [19] in powder rocks or cement samples, both the basic alpha coefficients and the concentration of oxygen must be considered; hence, hybrid alpha coefficients should be used. For the case of oxides, we can derive the following formula from (7):
where Wj{0) is the weight fraction of element j in oxide 7(0), and W$0) are the weight fractions of oxygen in oxide 7(0) and oxide i(0), respectively, 'a®0 is the basic alpha coefficient of oxygen on analyte i, 'a? the basic alpha coefficient of the matrix element j on ana lyte i and i(0)a"0)J(0) the hybrid alpha coefficient of the matrix oxide 7(0) on analyte oxide i(0); the left super script i(0) means that the eliminated component is oxide i(0) and the right superscript H denotes hybrid.
In this work, we have used 12-22 flux (12 Li20 40 7 + 22LiB02). Since such a flux contains more than two elements, its hybrid alpha coefficients cannot be calculated by using (13) and should be calculated by using i(0)"H ai(0),fw fritu + w j^l B + {Wl -K 0)r < 0 1 + w«0)i(x» 0 (14) where f is the 12-22 flux and and W *0 are the weight fractions of the elements Li, B, and O in the 12-22 flux, respectively. Table 5 gives the hybrid alpha coefficients calcu lated by using (13) and (14).
(6) Calculation of the Modified Alpha Coefficients
For the analysis of oxides in the case where a pow dered sample is fused in a fixed sample-to-flux ratio to produce a solid solution glass disc, or in the case where a powdered sample is mixed in a fixed sampleto-binder ratio and pressed into pellets we should use the modified alpha coefficients. For such cases, if we express the results as oxide concentrations in the orig inal sample and consider the sample-to-flux ratio in the glass disc, we can derive from (12) the following formula: When a powdered rock sample and flux are fused to produce a solid solution glass disc, it is well-known that the volatile constituents (such as carbon dioxide and crystal water) volatilize. This loss of volatile con stituents from the sample-flux mixture during fusion gives rise to higher apparent concentrations of the remaining constituents in the glass disc. Therefore, the matrix correction of the volatile constituents becomes very important in the analysis of the major and minor constituents in glass discs. This loss of the volatile constituents is often referred to as the loss-on-ignition (LOI) and in XRF as the "LOI problem" [19] . The "LOI problem" can be treated quantitatively using influence coefficients. According to de Jongh [21] , we can assume the atomic number of LOI to be zero and then derive a formula for the modified alpha coeffi cients of LOI on analyte oxide i(0):
where ,(0)o$0) LO, is the modified alpha coefficient of the LOI on analyte i (0) when the eliminated compo nent is the analyte i(0) itself and i(0)a"0) f the hybrid alpha coefficient of the flux on analyte i(0) when the eliminated component is the analyte i(0) itself. From (17) , the modified alpha coefficients of the LOI on the analyte z'(0) are only related to the hybrid alpha coefficients of the flux on the analyte i(0) and the weights of the flux and sample. Table 6 gives the modified alpha coefficients of fused glass discs for iron-rich samples and other geo logical samples in which the dilution ratio g(/gs is 5.
Calculation of the Theoretical Alpha Coefficients in the D.J Model
In the above we have calculated the theoretical al pha coefficients which are given in Table 4 for basic alphas, Table 5 for hybrid alphas and Table 6 for mod ified alphas, which can be used, respectively, for the analysis of elements in compact specimens, oxides in compact specimens and oxides in diluted specimens. However, these alpha coefficients cannot be used on line directly in the D.J model. Since they were calcu lated using formulas derived from the L-T model in which analyte i (or oxide i(0)) is chosen as the elimi nated component. In the D.J model, however, the eliminated component is arbitrary and can be S i02 (for silicate), CaO (for carbonate) or LOI, etc. There fore, for on-line work we must calculate the Alpha coefficients which can be used in the D.J model.
From the above, we already know that in the D.J model the eliminated component is arbitrary. How ever, it is very important to choose appropriate elimi nated components. Based on our experience, we find that it is more convenient to choose the LOI as the eliminated component. The main advantage is that the Alpha coefficients can be used on-line in the Philips X14 (AN/UP) software package. The other advantage is that it is unnecessary to determine the concentration of the LOI before XRF analysis. Hence, below we discuss methods of calculating theoretical alpha coefficients whose eliminated component is LOI.
(1) Calculation methods using the Transformation Model of the Theoretical Alpha Coefficients
We have already derived the transformation for mula for different eliminated components, which is given by [22] 
where LOIo$0) m is the theoretical modified alpha co efficient of matrix ;'(0) on analyte i(0) when the elimi nated component is LOI. Equation (19) can be used to transform the theoret ical alpha coefficients used in the L-T model whose eliminated component is analyte i(0) into those used in the D.J model whose eliminated component is the LOI. Hence, we can get Table 7 from Table 6 Using (20) and the values of the hybrid alphas given in Table 5 , we also can calculate the modified alphas given in Table 7 , which can be used in the D.J model.
It is not only convenient to calculate the modified alphas whose eliminated component is the LOI using (20) , but also the physical meaning is clearer. The reason is that from (20) we can see clearly that, as the ratio of flux-to-sample increases, the alpha coefficients decrease. This shows that the matrix effects have be come smaller.
Discussion
In this paper, we propose a calculation method of the theoretical alpha coefficients comprising basic, hy brid and modified alpha coefficients. In general, basic, hybrid and modified alpha coefficients can be used, respectively, for the analysis of elements and oxides in compact specimens and oxides in diluted specimens.
In this paper we discuss in detail the calculation of the alpha coefficients in the L-T model and the D.J model. Our conclusion is that the D.J model is similar to the L-T model; the difference is only in the elimi nated component, which is analyte i itself in the L-T model but arbitrary in the D.J model. The alpha coef ficients used in these two models can be transformed into each other by using the transformation model of the theoretical alpha coefficients proposed by us [7, 22] .
In this paper, we calculated the alpha coefficients whose eliminated component is the LOI. The main advantage is that this kind of alphas can be used on-line in the D.J model in the Philips PW1400 X-ray Spectrometer XR 14 (AN/UP) software package and it also can be used in the software package in the Rigaku 3080 X-ray Spectrometers and other models of the instrument. Our experimental results show that the matrix effects can be accurately corrected by using these alphas. For example, for the analysis of the ma jor component Fe20 3 in iron-rich samples, errors can be as high as 7% (absolute) without using the alphas for the correction of matrix effects, while such errors could be reduced to less than 0.7% (absolute) for Fe20 3 determination when the alphas are used to correct matrix effects. The operating conditions and instrumental setting have been given in detail in [7] .
